Purpose Discharge o f untreated domestic and industrial waste in many European rivers resulted in low oxygen concentrations and contamination with trace metals, often concentrated in sediments. Under these anoxic conditions, the formation o f insoluble metal sulfides is known to reduce metal availability. Nowadays, implementation o f waste water treatment plants results in increasing surface water oxygen concentrations. Under these conditions, sediments can be turned from a trace metal sink into a trace metal some e. Materials and methods In an ex situ experiment with metal contaminated sediment, we investigated the effect o f surface water aeration on sediment metal sulfide (acid volatile sulfides (AVS)) concentrations and sediment metal release to the surface water. These results were compared with long-term field data, where surface water oxygen and metal concentrations, before and after the implementation o f a waste water treatment plant, were compared.
Introduction
Metal contamination is one o f the most complex issues o f today's contam ination problem s. W idespread uses o f m etals, the legacies o f past contamination, and new technologies continue to pose important ecological risks for aquatic environments across the earth (Luoma and Rainbow 2008 ) . In the course o f the last decades, a gradual decrease o f the surface water metal concentrations has been observed in Europe. Nevertheless, metal contaminated river sediments can still constitute an ecological threat. Since trace metals show a high affinity for organic and inorganic particles, these contaminants are often historically concen trated in the sediments (Du Laing et al. 2009; Hart 1982; Regnier and Wollast 1993) . The formation o f insoluble metal sulfides is found to play a major role in reducing sediment metal availability and transfer to the surface water under anoxic conditions (Di Toro et al. 1990 , 1992 . The ratio o f acid extracted sulfides (acid volatile sulfides (AVS )) and simultaneously extracted metals (SEM) is proposed as a predictor for availability o f some divalent metals (cadmium (Cd), copper (Cu), lead (Pb), nickel (Ni), and zinc (Zn)) (Allen et al. 1993; Di Toro et al. 1992) .
Anthropogenic activities (dredging, waste water treatment ) or natural induced changes (seasonality, bioturbation, storms) might result in an increase o f oxygen levels in both surface water and sediment (Peterson et al. 1996; Zhuang et al. 1994) . Under these conditions, metal sulfides may be oxidized and sediments can be turned from a trace metal sink into a trace metal source (Maddock et al. 2007; Petersen et al. 1997) . Resuspension o f anoxic sediments in oxic surface water caused by dredging and dumping or natural events can enhance this process and can result in a larger dissolved metal flux to the surface w ater and increased metal availability (Eggleton and Thomas 2004; Hedge et al. 2009 ).
The aim o f this study was to investigate the effect o f aeration and resuspension o f sediments on the mobility o f metals to the water column. Therefore, a controlled experi ment was conducted, and results were compared with long term data from the river Zenne as test case. The river Zenne flows through Brussels, Belgium, and the basin is situated in one o f the most densely populated areas o f Europe. Untreated domestic and industrial waste water has been discharged in the river for decades, resulting in severe contamination o f water and sediment with micro pollutants such as trace metals and in a decreased oxygen level in the surface waters. In the long-term experiment with ex situ river Zenne sediment cores, we investigated the effect o f surface water aeration on sediment SEM/AVS concentrations and sediment metal release to the surface water. These results were compared with long-term field data, where river Zenne surface water oxygen, metal, and suspended solid concentrations before and after the implementation o f the waste water treatment plant in March 2007 were compared.
Material and methods

Sampling site
Sediment and w ater have been sam pled M ay 2006, downstream o f Brussels near to Weerde (50°58'07.96" N, 4°28'47.27" E) . First, the water was sampled and stored in big barrels for 3 days at 4°C to enable settling o f suspended material. One week later, the sediment was sampled at the same location with an Eckman grab sampler. The sediment (9% <2 (im, 2 (rm <44% <63 (im) at the site contained a high concentration o f metals (As, 18 (ig g 1 dry' mass; Cd, 4.5 (ig g^d ry mass; Cr, 65 (ig g^d ry mass; Cu, 194 (ig g_1dry mass; Hg, 3.0 (ig g^d r y mass; Ni, 43 (ig g^d ry mass; Pb, 398 (ig g^d ry mass; Zn, 970 (ig g^d ry mass).
Experimental setup
In order to approach the natural situation, this experiment was executed in sediment cores with a layer o f surface water, in a climate chamber with constant temperature (20°C). First, the water was added to 15 individual PVC cores (diameter, 24 cm; height, 40 cm) . Immediately after sampling, sediments were homogenized, distributed over the cores with water and given 1 2 h to settle before the start o f the experiment. This resulted in a sediment layer o f 20 cm and a surficial water layer o f 15 cm. Surface water levels were replenished regularly with demineralized water in order to maintain the initial level.
Rhizons (pore water sampler, Eijkelkamp) were inserted horizontally through holes in each core in order to sample pore water (2.5-cm sediment depth). An air pump was placed in the surface water o f each core. Differences in air pump flow rate (none, low, and high) resulted in different oxygen concentrations and suspended solid load: three treatments with five replicates. The three different treatments investigat ed consisted o f ( 1 ) anoxic: a non aerated treatment with low oxygen and suspended solid concentrations, (2 ) oxic-clear: a low aerated treatment with high oxygen and low suspended solid concentrations, and (3) oxic-turbid: a high aerated treatment with high oxygen and resuspension resulting in high suspended solid concentrations ( Fig. 1 ).
Sampling
Water and sediment samples were taken from the batch tests after 1.5 years o f treatment. Previous to sampling, surface water was gently mixed and basic water character istics were measured (oxygen, suspended solid concentra tion, pH, and conductivity). Surface water was sampled with 10-mL syringes. The upper 5 cm o f the sediment was sampled with a small ( 1 cm in diameter) sediment corer. In each core, five sediment samples were taken randomly and mixed. In order to extract pore water from the sediment, a vacuum pump was connected to the Rhizon samplers.
Analyses
Oxygen concentrations, pH, and conductivity were mea sured using a WTW Oxi 315i and WTW pH/Cond 340i set. Û 8.192(14.943) Surface water suspended solid (ss) concentrations were measured by filtering from 0.05 L up to 1 L, depending on the ss concentration, over a preweighed filter (Wathman, glass fiber, particle retention 1.2 pm). Filters and blanks were dried at 105°C and weighed again. Total metal concentrations (arsenic (As), Cd, chromium (Cr), Cu, manganese (Mn), and Pb) were measured in both pore and surface water o f the batch tests. Since Rhizon water samplers with standard 0 .1 -pm pores are used to sample pore water, this water phase can be assumed dissolved.
Water samples for total metal concentrations (10 mL) were acidified with 100 pL nitric acid (HNO3 69% Normapur Trace Analysis Cd Hg Pb) and then filtered (cellulose ester, 0.45-pm pore diameter). Water samples for dissolved metal concentrations measured in the surface water o f the batch tests were first filtered and then acidified. Water metal concentrations were determ ined using an inductively coupled plasma mass spectrometer (ICP-MS, Varian Ultra-Mass 700), with Germanium (Ge) as internal standard.
In the batch tests, sediment AVS, SEM (Cd, Cu, Ni, Pb, and Zn), and total metal concentrations (As, Cd, Cr, Cu, and Pb) were measured. Immediately after sampling, a part o f the wet sediment is weighed and oven dried (40°C). The rest o f the sediment is weighed and immediately used for AVS and SEM determination following the purge-and-trap method o f Allen et al. (1993 ) ; wet sediment was stirred for 2 h with hydrochloric acid (HC1, 37%, Normapur) to dissociate metals and sulfides. The H2S gas formed by this reaction was lead through a NaOH solution by the constant N 2 flow. The S ions were measured photospectrometically in the solution in order to determine the AVS concentration. In order to determine SEM concentrations, metal concen trations in the sedim ent-acid mixture were measured after filtration using ICP type radial plasma iris/charge injection device (CID) (Thermo).
Dried sediments are grinded and used for determination o f total metal concentration after "hot block digestion." For digestion, 5 mL nitric acid (HNO3 69% Normapur Trace Analysis Cd Hg Pb ) and 5 mL o f hydrogen peroxide (H2 0 2 27% for electrical purpose) are added to 0.2 g o f soil. This mixture is heated up to 100°C for 30 min, cooled overnight, and again heated at 150°C during 60 min. Sediment metal concentrations were determined using ICP type radial plasma iris/CID (Thermo). Blanks and certified reference material for sediment (Institute for Reference Materials and Measurements (IRMM), BCR® no. 320, river sediment) and water (IRMM, BCR® no. 610, groundwater) were included in all series o f metal analysis in order to verify the analyzed procedure.
Field data
The findings from the experiment were compared with field data from the river Zenne itself. The 1,164 km2 river basin covers one o f the most densely populated areas o f Europe. With its 103 km length, the Zenne passes through Brussels, Belgium before discharging itself into the Rupel and subsequently into the Scheldt estuary. For decades, waste water was discharged untreated into the river with high pollution and low oxygen concentrations as a consequence. In March 2007, a waste water treatment plant with a capacity o f 1 ,1 0 0 , 0 0 0 inhabitant's equivalent became oper ative, resulting in an instant increase o f the water quality. Surface water data from before and after the treatment started were investigated. All the long-term surface water data from the Zenne were collected from the database o f the Flemish Environment Agency (www.vmm.be/geoview). Measuring and sampling frequency varied depending on the parameter and sampling location.
Statistical analysis
The statistical analysis was carried out using the SAS statistical package (The SAS® System, SAS institute Inc., Cary, NC, USA). The significance o f differences between treatments was tested with an ANOVA. The Tuckey a posteriori test was used to evaluate the differences mutually.
Results
Experimental results
The anoxic treatment had low oxygen (1.86 mg L x) and low suspended solid (0.004 g L-1) concentrations. The oxic-clear treatment had high oxygen (9.33 mg L x) and low suspended solid concentrations (0.014 g L-1). The oxic-turbid treatment had high oxygen (9.50 mg L 1 ) and high suspended solid (8.165 g L-1) concentrations (see Fig. 1 ). Total metal concentrations in the experimental sediment for all treatments were 8.05-2.15 (ig g 1 dry mass (As), 6.09±0.31 (ig g_ 1 dry mass (Cd), 213.18± 10.20 (ig g_ 1 dry mass (Cu), 529.14±25.64 (ig g_ 1 dry mass (Pb), and 240.30±15.51 (ig g_ 1 dry mass (Mn) . No significant differences between sediment total metals in the upper 5 cm were found among treatments. The 1.5-year period o f surface water aeration resulted in significant lower sediment AVS concentrations in the oxic-clear (1.74 mmol kg-1 ,g?<0.001) and the oxic-turbid (0.59 mmol kg-1, £><0 . 0 0 1 ) treatments compared to the anoxic treat ment (35.51 mmol kg-1) (Fig. 2) . Anoxic treatment SEM concentrations were significantly lower compared to the oxic-clear (£>=0.0148) and the oxic-turbid (£>=0.0049) treatments (see Fig. 2 ). The SEM/AVS ratio which is lower than 1 (0.75±0.17) in the anoxic treatment indicated the presence o f an excess o f sulfides which can precipitate with trace metals in the sediment. Higher SEM/AVS ratios for the oxic-clear (29.50±12.20) and oxic-turbid (73.26± 17.23) treatments can indicate a higher metal availability in the sediment.
A significant increase in dissolved metal concentrations in the surface w ater o f the experimental cores with increasing aeration level was found for As (£>=0.0010), Cd (£>=0.0003), and Cu (£>=0.0017) (Fig. 3) . The opposite trend, decreasing dissolved m etal concentrations with increasing aeration level, was found for M n (£>=0.0241) (see Fig. 3 ).
Surface water total metal concentrations are from 54 (Mn) up to 566 (Cd) times higher in the oxic-turbid treatment compared to the anoxic treatment (Table 1) . Despite these high values, differences in concentrations between treatments were not significant (£>>0.05 for all metals). The variation in total metal concentrations within the treatments, especially in the oxic-turbid, was very high. For example, total Pb concentrations in the oxic-turbid treatment surface water varied from 131 to 12,930 (ig L 1 between cores. Related to these results, also suspended AVS a n d SEM solid concentrations showed a very high variation within treatments. Suspended solid concentrations in the surface water o f the oxic-turbid treatment varied from 0.03 to 22.23 mg L-1. Consequently, a positive, highly significant correlation between surface water total metal and sus pended solid concentration in the experiment was found (£><0 . 0 0 0 1 for all metals). A significant (£><0.000 1 ) increase in pH with increasing aeration level was observed. The pH values rose from 6.70±0.03 in the anoxic treatment to 7.05±0.01 in the oxicclear treatment and again to 7.39±0.10 in the oxic-turbid treatment. Significant (£>=0.0025) differences in surface water conductivity between the anoxic treatment (451± 141 (is cm ), the oxic-clear (1,996± 164 (is cm ), and the oxic-turbid treatment ( 1,451 ±325 (is cm ) were observed.
No significant differences between pore water concen trations in the three different treatments were found (£>>0.05 for all metals). A high variability between samples from one treatment can be observed (Fig. 4 ).
Field results
Waste water treatment resulted in an instant increase in Zenne surface w ater oxygen concentrations from an average o f 1.96±0.16 mg L 1 in the 18 years before purification to 6.30±0.20 mg L 1 in the 3 years after purification (Fig. 5 ). Especially the periods with low oxygen concentrations during summer, observed before purification started, disappeared. The suspended solid concentration decreased with purification (Fig. 6 ).
The total Cu and Pb concentrations in the Zenne surface water were generally decreasing after 1990 (Fig. 7) . No clear long-term trend was observed for total As, Cd, and Mn concentrations in the Zenne surface water (see Fig. 7 ). From waste water purification in 2007 onward, a noticeable decrease in most examined total metal (Cd, Cu, Pb, Mn) concentrations was observed (see Fig. 7 ). Similarly as in the experiment, significant positive correlations between the total metal concentrations and the suspended solids in the Zenne surface water were found (Cd (£>=0.0098), Cu (/?=0.0026), Pb (£>=0.0116), Mn (£>=00256)). Unfortunate ly, the data on dissolved metal concentrations in the Zenne surface water were limited. The dissolved concentrations were measured for M n and Cu, but not enough samples were taken in order to draw clear conclusions on differ ences before and after waste water treatment (Fig. 8 ) 
Discussion
Drainage o f untreated waste water in the river Zenne caused severe contamination. Sediment metal concentrations were high and exceeded Flemish quality standards (for reuse as su rfa c e w a te r -As d isso lv e d Additionally, contaminated effluents caused decades o f low oxygen concentrations in the surface water o f the Zenne. Surface water low oxygen concentrations in the anoxic treatment in the experiment resulted in an excess o f sulfides compared to SEM in the sediment. Since sulfides precipitate with some trace metals, a lower availability can be expected under the anoxic conditions (Allen et al. 1993; Di Toro et al. 1990 , 1992 . Additionally, lower SEM values were observed in the anoxic treatment. During 1.5 years o f anaerobic conditions, pyrite may be formed. This strong sulfite-m etal combination, which will not be released entirely during the AVS-SEM extraction (Morse 1994) , can explain the lower SEM values found in the anoxic treatment sediments. As observed in the Zenne, surface water oxygen concentrations increased promptly after the waste water treatment plant o f Brussels was started up. The Data are presented as m ean values with standard error experimental results showed that these higher oxygen concentrations can result in a drastic decrease in sediment AVS concentrations. In both oxic treatments, surface water oxygen penetrated the sediment and sulfide precipitates in the top soil layer were oxidized. Higher trace metal availability in sediment and surface w ater can be a consequence (Hartley and Dickinson 2010; Van den Berg et al. 1998 ). Furthermore, metal flux to the overlying water was influenced by surface water aeration in the experiment. An increase o f dissolved metals in the surface water (As, Cd, and Cu) was observed in the cores which had been subjected to aeration and resuspension. Cd and Cu are known to (co)precipitate with sulfides (Di Toro et al. 1992; Morse and Rickard, 2004) . Sulfides will be oxidized to sulfate under the aerobic conditions, and (co)precipitated Cd and Cu will be released and can diffuse to pore and surface water.
Despite a difference in chemical behavior compared to Cd, Cu, and Pb, the metalloid As showed the same trend and was enriched in the surface water under the oxic conditions in the experiment as well. Depending on pH and redox potential (Eh), Asv or As will be the predominant form (Sharma and Sohn 2009). In the anoxic cores, the more toxic form Asm will dominate (Sharma and Sohn 2009). Comparable with Cd and Cu, Asm can be retained associated with sulfides, predominantly as arsenopyrite, in sulfur-rich sediments, under reduced conditions (Bose and Sharma 2002; Keimowitz et al. 2005; Moore et al. 1988) . Oxidation o f these As-sulfide precipitates can result in a release o f As to pore water and surface water (Keimowitz et al. 2005 ) , explaining the higher dissolved As concentrations in the oxic cores. As observed in the experiment for Cu, metal remobili zation can be more pronounced when suspended solid concentrations are high. Metal sulfide precipitates can be transported as suspended solids in the water column. The contact surface between oxic surface water and metal sulfides is larger in suspended solids compared to bottom sediments. High suspended solid concentrations are found in turbid rivers or during short-term resuspension events. Dredging activities, storm events, or bioturbation can cause resuspension o f anoxic metal contaminated sediments into oxic surface waters. This can result in a very fast increase in metal availability due to metal sulfide oxidation (Cappuyns et al. 2006; Hedge et al. 2009; Saulnier and Mucci 2000) .
Contrary to the other metals, decreasing surface water dissolved Mn concentrations, subsequent to aeration and resuspension, were observed in the experiment. Soluble Mn11 ions will precipitate and accumulate in the sediment as Mn oxides under the oxic conditions in the aerated cores. Li et al. (2009) found M n oxides to be the most important component controlling the adsorption o f metals in superfi cial sediments. As concluded by Zhuang et al. (1994) , the transfer o f sediment bound metals to the surface water as a consequence o f sulfide oxidation could be much larger if no other binding phases such as M n and Fe oxides are available. Since dissolved Cd, Cu, Pb, and As concen trations increased in both oxic treatm ents, a higher contribution o f sulfide compounds in controlling metal m obility compared to the binding phases under oxic conditions can be assumed under these experimental conditions. In addition, the higher surface water conductiv ity in both OXIC treatments indicates higher siuface water ion concentrations.
In addition to sediments, metals in the siuface water can be precipitated with sulfides as well, behaving as suspended solids. Oxic conditions can dissolve these complexes, and the dissolved metal fraction in the siuface water can increase (Simpson et al. 1998 ). This can be confirmed by the observed increase o f the dissolved/total metal concentration ratio in the oxic-clear treatment compared to the anoxic treatment.
Higher dissolved metal concentrations can indicate higher metal availability (Luoma and Rainbow 2008) . Together with the redox potential, the pH is one o f the key factors controlling metal mobility (Gambrell 1994) . Di Nanno et al. (2007) and Satawathananont et al. (1991) found a pH decrease caused by oxidation o f metal sulfides. Since metals are more mobile under low pH conditions, this process can add to the mobilization effect o f metal sulfide oxidation (Tack et al. 1996) . This is not in accordance with the higher pH values observed in the oxic treatments o f the experiment. Despite these higher pH values, metal mobility can be assumed to be higher in both oxic treatments since dissolved As, Cd, and Cu concentrations were higher.
Higher metal mobility in the sediment causing transfer to the surface water was also expected to have an effect on the pore w ater concentrations. Due to a high variability between replicas, no significant trends were observed. Except for Mn, where pore water concentrations exceeded considerably surface water concentrations, pore and surface water dissolved metal concentrations were more or less in the same order o f magnitude. With differences in pore and surface water metal concentrations, fluxes o f dissolved metals might be expected. Flux calculations, based on the experimental data and translated to the field situation, can give more insight in the importance o f metal remobilization in natural systems. However, sediment-water fluxes are determined by adsorption, precipitation, and coprecipitation with organic matter, Mn and Fe oxyhydroxides, and metal sulfides. These processes show distinct variability with depth in the sediment, mainly driven by the redox potential (Boudreau 1999) . As such, pore water concentrations from one specific depth in a sediment core (pore water was sampled at 2.5 cm depth) will not suffice to calculate fluxes through the sediment water interface. Flux calculations would require a frill diagenetic model (Boudreau 1996 (Boudreau , 1999 which would take re-reduction or re-oxidation, preventing the flux, into account. No differences in surface water total m etal concen trations between the anoxic and oxic-clear treatment were found. Total As, Cd, and Cu concentrations in these treatm ents w ere slightly higher than the dissolved fractions. The total Pb concentration, an element known to show even more than other metals high affinity for suspended matter (Luoma and Rainbow 2008) , is at least by a factor 10 higher compared to the dissolved phase. All Mn found in the siuface water o f these treatments were dissolved. On the other hand, the oxic-tiubid treatment resulted in a considerable increase in total m etal concen trations. However, the increase was not significant. This can be attributed to the high variability observed in the siuface water total metal concentrations. Most trace metals occurring in siuface water are know n to show a high affinity for particulate m atter (Regnier and Wollast 1993 ) . A positive, highly significant correlation between siuface water total metal and suspended solid concentration in the experiment was found. The total metal concentration in the siuface w ater depends on the am ount o f suspended sediments in the sample. Consequently, the high variabil ity in suspended solid concentrations between treatments and replicas explains the to tal m etal concentration variability.
M etal concentrations in suspended solids o f the experiment were calculated and found to be in the same order o f magnitude to sediment metal concentrations which indicates that the total metal concentration was determ ined by the am ount o f surface sedim ent in suspension. Suspended solid metal concentrations in the river Zenne were calculated and found to be roughly a factor 5 higher than if this were only sediments in suspension. Metals have a high affinity for fine-grained suspended solids and organic matter. These fractions are preferably transported in the water colum n while heavier particles will settle down.
Higher trace metal mobility subsequent to siuface water aeration was observed in the experiment. Decades o f anoxia and metal polluted sediments make the Zenne a feasible candidate for metal remobilization. Nevertheless, waste water treatment and hence siuface water oxygen increase go together with a decrease in Zenne siuface water total metal concentrations. The removal o f the metal-rich suspended solids in the river Zenne by the waste water treatment process probably caused the removal o f trace metals.
Dissolved Cu concentrations in the river Zenne are lower than the concentration in the oxic-clear treatment. Addi tionally, the dissolved Cu concentration and the dissolved/ total Cu ratio in the Zenne did not change clearly after the waste water treatment plant became operative. This can indicate that metal availability in the river will not alter drastically with waste water treatment. However, based on the scarce data on dissolved metal concentrations in the Zenne, we could not draw clear conclusions on a probable effect o f aeration causing a higher dissolved metal fraction and hence a higher availability in the sediments or the water column.
Conclusions
Aeration o f siuface water resulted in metal sulfide oxidation in superficial sediments and suspended solids in the experiment. This caused higher dissolved siuface water trace metal concentrations. Waste water treatment in the river Zenne resulted in an increase in siuface water oxygen concentrations. However, a decrease o f total metal siuface water concentrations was observed subsequent to waste water treatment. From the results o f this research, we can conclude that the gradual decrease in metal siuface water concentration in the Zenne before the treatment started and the removal o f suspended solid bound metals diuing the waste water treatment process could not be countered by an increase in metal flux from the sediment as observed in the experiment. Additionally, the limited results on dissolved metal concentrations indicated no noticeable change in metal availability following waste water treatment in the Zenne. Sediment metal release due to sulfide oxidation can be too slow to be observed in the field. A low residence time and high dilution can mask observations o f metal remobilization in the field.
